A formalism for two-photon Stokes parameters is introduced to describe the polarization entanglement of photon pairs. This leads to the definition of a degree of two-photon polarization, which describes the extent to which the two photons act as a pair and not as two independent photons. This pair-wise polarization is complementary to the degree of polarization of the individual photons. The approach provided here has a number of advantages over the density matrix formalism: it allows the one-and two-photon features of the state to be separated and offers a visualization of the mixedness of the state of polarization.
In his paper of 1852 [1] , G. G. Stokes studied the properties of beams of light in an arbitrary state of polarization and devised four parameters, known since as the Stokes parameters [2] , which completely specify the polarization properties of a beam of light.
The Stokes parameters have been an essential element in the development of various metrological techniques that involve the use of polarized light. These parameters have recently been extended to the quantum domain [3] .
The development of new nonclassical sources of light exhibiting polarization entanglement demands that the Stokes parameters be further extended. In this paper we introduce a generalization of the Stokes parameters to two-photon sources, referred to hereinafter as 2P-SP. Although the density matrix provides a complete description of the state, the formalism presented here is advantageous for characterizing the unusual properties of such sources from conceptual and computational points of view. The properties of the two photons as individuals, versus their properties as a pair, can be more readily distinguished in the proposed formalism.
Consider a source emitting two photons, as shown in Fig. 1 . The implementation of such a source is readily achieved via spontaneous parametric down-conversion in a second-order nonlinear crystal pumped by a laser beam [4] . Such sources have become an essential ingredient in many experimental realizations of the new field of quantum information processing [5] , and have also been used in the emerging field of quantum metrology [6] .
One-photon Stokes parameters. Of the many definitions of the Stokes parameters, the one that suits our purpose best is the definition noted in the early days of quantum mechanics [7] , where the Stokes parameters, (
The state of polarization of a one-photon source can also be described by the Stokes parameters, referred to hereafter by 1P-SP. One can use the 1P-SP to distinguish between two classes of such sources, pure-and mixed-state beams, via a one number that is a function of the 1P-SP, namely the degree of polarization defined as 
We now have a set of 16 2P-SP [9] . The 16 two-photon Pauli matrices are linearly independent and can be used as a basis for the linear vector space of 4×4 matrices defined over the field of complex numbers. 
where the elements indicated are those associated with 12 , so that the 1P-SP are 
and similarly for 2 S . All the 2P-SP with 0 in their index thus represent the 1P-SP for the two photons separately.
Measurement of the two-photon Stokes parameters.  The question arises of how
to measure the 2P-SP. Referring to the configuration illustrated in Fig. 1 , polarization measurements may be carried out on each beam separately (singles measurements), or carried out simultaneously on the two beams (coincidence measurements). In general it is not possible to characterize the state of polarization by ones measurements alone, since the state may be entangled [10] . There are many schemes for performing such measurements [11] , one of which relies on carrying out only coincidence measurements with various polarization analyzers placed in the two beams. An example of a set of 16 sufficient coincidence measurements is provided by: Degree of two-photon polarization. As noted earlier, the degree of polarization distinguishes between pure-and mixed-state beams. A pure state is characterized by
In defining a measure of the degree of two-photon polarization we are faced with additional possibilities for the state: a pure state may further be entangled or separable [12] . The structural form of the 2P-SP reveals information about the entanglement of the state. We examine the case of pure two-photon polarization states in this section and study the case of mixed states in the next section.
If the state is separable and pure, i.e. the two-photons are independent, then the 2P-SP themselves are factorable into the product of 1P-SP, one for each photon, so that 
The case of the maximally entangled pure two-photon state [13] 
so that each beam, considered separately from the other, is unpolarized, whereas coincidence measurements yield information about the other 2P-SP that describe nonlocal correlations.
This leads us to a measure of the degree to which the two photons act as a pair and not as two independent photons. We call this the degree of two-photon polarization 12 P . This measure coincides with the degree of entanglement defined previously [13] , which was arrived at via a different rationale. The quantity 12 P is then given in terms of the 2P-SP by 
For the pure state it is clear that this quantity ranges from 1 (maximally entangled state) to 0 (separable state). The (one-photon) degree of polarization, for each photon separately, is There are general constraints on the range of values assumed by 12 P and P for any state.
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We plot an outer contour of the possible values of 12 P and P in Fig. 2 . The axes are chosen to be 2 12 P and 2 P for reasons that will become clear shortly. In the case of mixed states one can have negative values of 2 12 P according to the definition in Eq. (7). For such a case ( 0 2 12 < P ) we define a new parameter m P defined as
such that both 2 12 P and 
As an example of a mixed state consider the density matrix ( )
which represents the mixture of a pure state Ψ (which lies on B A ), and a maximally mixed state represented by the 4×4 identity matrix 4 I , with 1 0 < < [15] . they are separable in the sense discussed in Ref. [16] . Their apparent inseparability is due to the mixedness of the state and not from entanglement. The quantity 2 12 P is defined in Eq. (7) so as to yield negative values for such cases (one may think of inseparability due to mixedness versus entanglement).
10/30/01 9 Discussion.  We have presented a formalism for describing the polarization properties of two-photon states that is an extension of the Stokes-parameters formalism that is well known in classical optics. In contrast to the density-matrix formalism, this extended formalism clearly separates the one-and two-photon characteristics of the state.
Moreover, it is useful for visualizing the effect of mixedness on the one-and two-photon characteristics of the state and could serve as a valuable tool for comparing the merits of various purification and concentration protocols that are of current interest in quantum information processing. 
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